Abstract-This study aimed at identifying potential correlations between rheological and optical properties of carotid artery rings before and after cryopreservation at different mechanical deformations using experimental and simulation results. Therefore, a uniaxial mechanical test bench was coupled to fibered optical spectroscopes measuring 410 nm excited autofluorescence and 650-850 nm elastically backscattered intensity spectra. Furthermore, we developed a statistical simulation program of light transport and fluorescence adapted to our specific experimental configuration. Both spectroscopies gave intensity spectra with higher amplitude for the cryopreserved samples. These observations are to be related to histological modifications affecting the arterial wall of postcryopreserved samples. We also observed significant spectral amplitude variations (increasing autofluorescence intensity and decreasing diffuse reflectance) as a function of the circumferential strains (0%-60%). Due to simulation, we identified values of absorption, diffusion, and anisotropy coefficients, and their variations as a function of state (fresh-cryopreserved), strains (0, 30%, 60%), and wavelengths (700, 740, 780 nm). The media and the adventice are, respectively, less and more absorbing for postcryopreserved rings, and it is the opposite for the fresh ones at higher wavelengths. Absorption and diffusion coefficients are slightly higher, whatever the wavelengths and strains, for the fresh than for the cryopreserved samples.
I. INTRODUCTION
Fibered optical methods of diagnosis such as autofluorescence and diffuse reflectance spectroscopies are used to characterize biological tissues noninvasively and nondestructively [1] . The principle consists of lighting a living tissue with an incident light flux, which is then absorbed, elastically scattered, or gives rise to intrinsic fluorescence. Consequently, the spectral characteristics of the outcoming light intensity measured either in transmission or in reflectance configurations can be related to the morphological, anatomical characteristics and biochemical or metabolic activity of the tissue, which vary with aging or diseases. Furthermore, the differentiation degree between various types or pathological stages of biological tissues (healthy, inflammatory, cancerous, atheromatous, etc.) can be increased through the complementarity of autofluorescence and light-scattered spectra collected in bimodal reflectance spectroscopy [2] , [3] . The fact that fresh and cryopreserved arterial segments are characterized by differences in terms of cellular viability [4] , [5] and structure [6] results in modifications of the bio-optical responses of the vascular tissue [7] , [8] (absorption, diffusion, fluorescence). Thus, by identifying some correlation existing between the optical properties of arterial tissues and their state or level of mechanical constraints or strains, new in vitro and in vivo contactless and atraumatic methods of characterization of these mechanical properties can be considered. Among the various types of in vivo and in vitro systems (uniaxial, biaxial, etc.) developed to study the biomechanical behavior of vascular tissues [7] , [9] , [10] , in vitro tests on rings or segments are classical and simple to implement. They provide the acquisition of complete data under "controlled" environment.
The aim of our study was to study the variations of optical properties (absorption, scattering, and fluorescence) of fresh and postcryopreserved artery rings (pig common carotid) with reference to mechanical strains applied under uniaxial elongation. Preliminary results already published by our group have confirmed the existence of differences between arteries before and after cryopreservation, in their rheological behavior [4] , [11] and optical (spectral) behavior using fluorescence spectroscopy [11] or elastic scattering spectroscopy [12] . This paper presents final and original results of our works concerning first the characterization of different biomechanical states of these artery rings (fresh versus postcryopreserved, various circumferential deformations) using diffuse reflectance and Fig. 1 . Schematic representation of the experimental setup configuration. x is the elongation length of the vascular ring in the direction of F , the force measured. Monochromatic (LASER) and wide-wavelength-band (LED) light excitations are consecutively injected throughout the excitation fiber. The backscattered intensity spectra are measured from the two collecting fibers corresponding to two distances between excitation and emission fibers at distal tip of the probe (0.53 and 1.74 mm).
autofluorescence spectral data, and second the variations of the absorption ("pure" absorption and absorption for fluorescence), scattering, and anisotropy coefficients of the artery wall with its mechanical deformation using Monte Carlo simulation of steady-state light transport and fluorescence within a multilayer model over the wavelength band 470-850 nm.
II. MATERIALS AND METHODS

A. Experimental System Description and Calibration
The experimental setup is based on an apparatus already described in detail in [11] and [12] . Briefly, it consists of a mechanical test bench to which two fibered spectroscopic measurement systems were added ( Fig. 1) : an autofluorescence spectroscope (AFS), which provides the autofluorescence intensity spectra of tissues excited at 410 nm ± 10 nm full-width at half maximum (FWHM) and an elastic scattering spectroscope (ESS), which can record diffuse reflectance spectra in the visible-to-near infrared (NIR) wavelength band between 650 and 850 nm. The excitation wavelength peak at 410 nm was chosen as a compromise between penetration depth and possible excitation of intrinsic fluorophores namely structural proteins [13] . Indeed, elastin and collagen are the main structural proteins of arteries implied in their rheological properties and potentially subjected to degradation after cryopreservation. The multiple fiber-optic probe configuration (200 µm core diameter for each optical fiber) enables the acquisition of backscattered intensity spectra from two collecting fibers corresponding to two distances between excitation (illumination) and emission (collecting) fibers at distal end of the probe (0.53 and 1.74 mm, called, respectively, channel 1 and channel 2) [14] - [16] .
Step-by-step elongation was performed by micrometric displacements (resolution: 0.02 mm) applied in the direction of the circumferential traction strength measured − → F , as sketched in Fig. 1 . Before starting an experiment, the system was calibrated in force using an extension stainless steel spring (average diameter: 5.5 mm, wire section: 0.5 mm and 78.25 reels). The fibered spectrofluorimeter calibration required a light power adjustment using a power meter (841PE, power sensor UV 818-UV, Newport). To account for the wavelength dependence of the light source, the fiber spectral transmission and the spectrometer response, a reference measurement of reflectance from a spectrally flat reflectance standard (Spectralon) was regularly performed [1] . Optical resolution of the acquisition system was 8 nm. The calibration procedure was reiterated for each new sample.
B. Biological Materials and Protocol of Tests
Segments of common carotid arteries were postmortem surgically dissected from four young pigs (20-30 kg, four to six months old). All animals received human care in compliance with the European legislation for animal care. These segments were temporarily stored at 4
• C in culture medium M199 supplemented with antibiotics (penicillin, streptomycin) and fungicide (fungizone) until in vitro tests started.
Overall, four pig carotid arteries of about 40-50 mm uniform length were exploited and cut into 32 rings of about 4 mm length. Half of rings of each fresh artery segment was systematically tested within two days following surgery. The other half of fresh, not-tested artery, was directly cryopreserved for one month. The freezing medium was copied from the protocol of tissue banks [5] and cryopreservation was performed following a classical step-by-step temperature descent protocol down to −150
• C in nitrogenize liquid.
The in vivo length, external diameter, and thickness of each segment of artery were systematically measured before testing, as described in [11] . Each ring has a 4 mm length so as to provide an appropriate contact area with the fiber probe (2 mm diameter). Before mechanical tests began, each sample was preconditioned to an elongation of 10% initial length during 5 min on the test bench. At each elongation step applied to an arterial ring under test conditions, the sample was able to relax for constraints during 1 min before proceeding to the force measurement. Circumferential strains (ε θθ ) were applied to the samples from 0% to 60% in steps of 10% from reference unloaded state. Corresponding forces − → F were measured for stress calculations.
C. Mechanical Model and Parameter Calculation
The tested rings were considered as uniform, circular, cylindrical, and incompressible thin-walled short tubes. The carotid artery wall was also assumed to behave as an anisotropic, orthotropic, nonlinear elastic continuum, and homogeneous material. A theory of large elastic deformations was used [17] , [18] . Considering a model of annular sample under uniaxial traction [19] , circumferential stress σ θθ (in newtons per meter square) and strain ε θθ can be given by:
where x 0 and x (in millimeters) are the transverse lengths of the ring in the initial state and under imposed strain, respectively, F (in newtons) is the measured traction strength, and V ∼ = 2Lhx is the total arterial ring volume, with L and h (in millimeters), respectively, being the axial length and the thickness of the artery wall of the annular sample under test. Arterial ring ends maintained by gripping hooks are not considered in stress calculation because they undergo additional local stresses [20] . As the ratio of stress to strain is nonlinear, the incremental elastic modulus E inc , given by (2), was also determined [6] :
D. Spectroscopic Data Preprocessing
Three data processing steps were applied to raw autofluorescence and backscattered light spectra. For every measurement (at each elongation), five raw spectra were automatically acquired at the same point for both autofluorescence and diffuse reflectance, and averaged in order to improve the signal-to-noise ratio.
Then, spectral response correction and polynomial smoothing filter (Savitzky-Golay algorithm) [21] , [22] were applied to the autofluorescence spectra to further reduce high-frequency noises. For autofluorescence, a standardization was required for proper shape comparison between the various spectral curves [23] . We choose a standard normalization with reference to the area under the curve, which, in our case, reduces the area under the curve between 470 and 810 nm to unity such as:
where I(λ i ) and I norm (λ i ), respectively, denote the measured and normalized autofluorescence light intensities at wavelength λ i , N is the total number of curve points (number of sampled wavelength values), and ∆λ is the fixed wavelength's sampling step (0.5 nm). For elastic scattering measurements, spectral response correction and amplitude standardization are intrinsically taken into account in the diffuse reflectance calculation defined as [1] : Fig. 2 shows an example of typical transverse histological cuts of fresh and cryopreserved artery rings, imaged using a transmission microscope. A Weigert staining was carried out to reveal collagen and elastin fibers.
E. Histological Analysis
In the unloaded fresh sample, the media's fibrous network looks continuous with sinuous fibers. Indeed, on the image of the unloaded cryopreserved sample, the fibrous network seems more slackened and less folded up, showing an extracellular matrix looser and less dense than in the fresh sample. These data are in agreement with histological results of studies already published on cryopreserved arteries [24] . We observe a radial distribution of fiber network, which is less homogeneous for the fresh rings (highest density outward from the media) than for the cryopreserved ones (radial distribution homogeneous in the media).
These purely morphohistological observations already let us predict possible differences in optical behavior between fresh and postcryopreserved samples.
F. Optical Model, Parameters, and Numerical Simulation
We developed a simulation program (Monte Carlo) of spatially resolved steady-state light transport (absorption and multiple diffusion) based on MCML code [25] and from [26] adapted to our specific experimental configuration (described in [27] ) to which multiple fluorescence was added. Briefly, we used a three-layer model of artery wall (adventice, media, and intima), each layer being described by thickness, absorption coefficient µ a (λ), scattering coefficient µ s (λ), refractive index n(λ), and optical anisotropy factor g(λ). The variable g is defined as the mean cosine of the rediffusion angle in the optical phase function. The Henyey-Greenstein phase function expression was implemented in our simulation program. With help of the initial mean thickness and total volume of each artery ring measured before spectroscopic tests start (see Section II-B), we calculated the total thickness h t of the wall at each different circumferential strain applied, considering the incompressibility of the samples at these strains, i.e., constant volume (see Section II-C). The other configuration parameters entered in our simulations include namely the illumination and collection fiber geometries (diameter, interfiber distances, numerical aperture), and the sample/model thickness varying with the mechanical strains (based on experimental dimension measurements on each ring and derived from computation of the isovolumic deformations). In this three-layered model, we considered that the thickness of each layer was a constant proportion of the total thickness (whatever the strain). Based on histological observations, we took 45%, 50%, and 5% of h t for the adventice, the media, and the intima, respectively.
The first numerical values, used in our simulation for the optical parameters of the intima, the media, and the adventice for arterial tissue, were based on a combination of those few references found in the literature [28] , [29] (i.e., values at λ = 476, 580, 600, 633, 1064 nm). In order to work over our wavelength bandwidth of interest (between 600 and 800 nm), we interpolated from these five values 20 other values at 20 wavelengths, every 10 nm. As a result, we obtained simulated spectra that were not properly correlated with experimental results [27] . Of course, these optical parameter values from the literature correspond to specific experimental protocols and different instrumentations. Therefore, in order to get a better fitting between the experimental and simulated spectra, we had to go through an optimization procedure of the optical param-
I (λ) of the three layers adventice (A), media (M), and intima (I).
For each layer, constant numerical values of refractive index n(λ) were reported in [28] and [29] , i.e., n A (λ) = 1.36, n M (λ) = 1.38, and n I (λ) = 1.39. The simulation was performed wavelength-by-wavelength by increasing values from 470 to 850 nm with a wavelength step of 10 nm. All simulated spectra and optical parameters were then defined as vectors of N = 21 values. We then searched values of the optical parameters for every wavelength between 470 and 850 nm (10 nm step), which minimize the cost function hereafter:
with y exp (λ) being the diffuse reflectance or autofluorescence intensity spectra acquired experimentally and y sim (λ; p) the diffuse reflectance or autofluorescence intensity spectra obtained from numerical simulation with
the parameter vector to optimize. We searched an optimal solution through an iterative process optimization using simplex. This is a geometrical algorithm, which has a great precision and average robustness. Moreover, it is a method that does not estimate the partial derivatives, which are potentially disturbed by the numerical noise affecting the result (particularly in the case of statistical simulations). To reduce the possibility to converge to a local minimum and in order to obtain some robustness, we used the parameters from the literature (and their extrapolation). Although they define a large variation range (lower and upper bounds:
, they are realistic enough for each coefficient of each layer. We have thus verified that in this parameter-variation area, we have always obtained a unique solution. We have also observed that other solutions (combinations of parameter values) can be obtained, with the condition that they are far outside of these variation areas.
In order to quantify the difference between experimental and corresponding simulated spectra, we calculated the mean of normalized differences as follows: 
III. RESULTS AND DISCUSSION
A. Mechanical Results
The mean incremental elastic modulus curves shown in Fig. 3 are significantly different between fresh and cryopreserved vascular rings (p < 0.05, Student's t-test). We can notice that the mean incremental elastic modulus of postcryopreserved samples is higher than the one of fresh samples. Other studies show similar significant differences in the behavior laws between fresh and postcryopreserved arterial tissues [4] .
However, some studies performed on arterial segments instead of rings gave values of circumferential stress and incremental elastic modulus higher for fresh arteries than for cryopreserved ones [30] . This apparent contradiction may be explained by the difference between these two types of tests (3-D versus circumferential uniaxial). It has been observed that the values of stresses are higher, at identical strain, for tests on rings than for tests on arterial segments. Our results here obtained for the rings (σ θθ = 0.15 × 10 6 N/m 2 for ε θθ ≈ 0.3) are of the same order of magnitude when compared to other published ones [19] .
A two-way analysis of the variance (ANOVA) with repeated measures revealed that the values of incremental elastic modulus are significantly different between fresh and cryopreserved samples (all strains together), and between strains applied (whatever fresh or cryopreserved samples) since for this set of measurements, the values of F calc (10.1, 38.7) were significantly superior to the critical values F crit (3.9, 2.1), with a significance threshold of 5%, i.e., deformations lead to significant differences in mechanical parameters measured, like cryopreservation does as well, but deformations and cryopreservation do not interact together (F calc = 0.1, F crit = 2.1). These results are listed in Table I .
B. Spectroscopic Experimentation and Simulation Results
1) Autofluorescence Results:
Each autofluorescence intensity spectrum was normalized to its area under the curve between 470 and 810 nm. An example of such standardized autofluorescence spectra of fresh and cryopreserved samples obtained for ε θθ = 30% and ε θθ = 60% is given in Fig. 4(a) and (c). We may observe that the fresh sample curve has a higher amplitude than the cryopreserved sample one in the range 500-600 nm. Similar observation is made for all samples. Therefore, as shown in Fig. 4(a) , we defined specific areas under the curve corresponding to sums of the intensities between 500 and 600 nm for fresh (A) and cryopreserved (C) spectra and between 600 and 810 nm, respectively (B) and (D). Then, autofluorescence spectrum area ratios R fresh = A/B and R cryo = C/D were calculated accordingly for each elongation leading to the graphs in Fig. 4(b) . The variation of R fresh and R cryo as a function of circumferential strains ε θθ tends to be linear with linear regression coefficients of 0.88 and 0.82, respectively, for R fresh and R cryo .
A two-way ANOVA with repeated measures (see Table I) confirmed that the surface ratio values are significantly different (F calc F crit with p < 0.05) between fresh and cryopreserved samples (all strains together), and between strains applied (whatever fresh or cryopreserved samples), i.e., deformations lead to significant differences in autofluorescence signals measured, like cryopreservation does as well, but deformations and cryopreservation do not interact together (F calc = 0.4, F crit = 2.1). A Student's t-test also confirmed that the fresh and cryopreserved surface ratio mean values are significantly different for each strain taken independently (T calc > T , risk of 5%). For example, at 0% strain: T calc = 3.57 > T = 2.14; at 30% strain: T calc = 5.25 > T = 2.14; and at 60% strain: T calc = 5.03 > T = 2.14. Therefore, whatever the strain, a fresh arterial ring can be differentiated from a postcryopreserved one based on autofluorescence spectra measurements at 410 nm excitation and using wavelength band ratio calculation as proposed.
For fluorescence simulation, the optical properties of pure absorption and diffusion in the medium used at the excitation wavelength (410 nm) were extrapolated from the very few number of µ a , µ s , and g values for intima, media, and adventice found in the literature, as already explained in Section II-F. The following values were then implemented: µ a (410) = 31/14/ 30 cm −1 (A/M/I), µ s (410) = 297/530/315 cm −1 (A/M/I), and g(410) = 0.71/0.89/0.79 (A/M/I). The autofluorescence emission spectrum taken into account in our fluorescence simulation program was discretized from the spectral emission curve previously measured on same artery samples under confocal microscopy and biphotonic excitation at 800 nm (Cellular Imaging Department, Federative Research Institute (IFR) 111/Unité Mixte de Recherche (UMR) 7563 Centre National de la Recherche Scientifique (CNRS), Nancy University) [11] . According to these measurements, the raised spectra of autofluorescence correspond mainly to the compound fluorescence of elastin and collagen networks in the media: so we considered a global fluorescence, related to elastin and collagen emission together. Fig. 4(d) shows the very good correlation between simulated and experimental spectra (mean normalized error less than 3%).
First, simulations were started with values of quantum yield and absorption coefficient for fluorescence µ af (proportional to molar extinction and molecular concentration) adapted from the literature. We performed simulations at the 410 nm excitation wavelength with identical µ af for all layers and searched for the values of µ a , µ s , and g in the wavelength band of emission [470-770 nm] that give the best fit to the experimental curve of autofluorescence intensity for fresh arteries at 0% strain. Then, we varied µ af in each layer (independently) in a wide range of values (typically cm −1 ), and as a result, we observed that the simulated autofluorescence intensity spectra vary in amplitude as a whole. Ratios given in Fig. 4 highlight the fact that these spectra (normalized spectra) are modified in shape when strains increase, with increasing amplitude in the lower wavelength band (500-600 nm) and decreasing amplitude in the higher one (600-810 nm). Varying µ af allowed us to change the amplitude of the whole spectrum but not to deform it in such a way. Consequently, we decided to keep fixed values of µ af , and by optimization, we found values of the optical parameters (absorption, diffusion, anisotropy) of the medium in the wavelength band of emission, allowing us to obtain proper shape variations of the autofluorescence spectra as a function of strains.
2) Diffuse Reflectance Results: Mean diffuse reflectance spectrum for fresh and cryopreserved artery rings are given in Fig. 5(a) . Fig. 5(b) represents an example of measured and simulated diffuse reflectance spectra collected at interfiber distances of 0.53 mm (channel 1) and 1.74 mm (channel 2), and for three different strains applied to a cryopreserved sample. These results show spectra globally decreasing in light intensity as strain rises. As indicated in Table I , a two-way ANOVA with repeated measures revealed that the values of surface under the curve calculated from the diffuse reflectance spectrum in channel 1 are significantly different (p < 0.05) between fresh and postcryopreserved samples (all strains together), and between strains applied (whatever fresh or cryopreserved samples). For channel 2, these differences are much less or not significant indicating that at the longest interfiber distance tested in our configuration, the diffuse reflectance surface under the curve does not allow to differentiate between strains. This may be due to the low intensity level of the signal acquired, i.e., deformations lead to significant differences in diffuse reflectance signals measured at the shortest interfiber distance (channel 1), like cryopreservation does as well, but deformations and cryopreservation do not interact together (F calc = 0.2, F crit = 2.1).
A Student's t-test also confirmed that the fresh and cryopreserved mean values of the surface under the curve are significantly different for each strain taken independently (T calc > T , risk of 5%), especially for channel 1.
Both autofluorescence and elastic scattering spectroscopies gave intensity spectra with overall higher amplitude for the cryopreserved samples than for the fresh ones. It can correspond to either a decrease in light absorption and/or a more efficient light diffusion and fluorescence. These observation are to be related to the fact that cryopreservation affects the histological organization of the arterial wall (Fig. 2) . The spectral amplitude variations observed as a function of the level of deformation (increase of autofluorescence intensity and decrease of diffuse reflectance) can find an explanation in the fact that the samples in traction become increasingly thin as the deformation increases. The transmission of the light throughout the tissue thickness would be some thus increased, with the detriment of the backscattered intensity collected. As the artery ring wall gets thinner under elongation, fluorescent compounds may potentially be excited with more energy, and the fluorescence emission intensity in the visible wavelength band (500-600 nm) reaching the surface may also be increased.
Finally, we observed significant variations in autofluorescence and diffuse reflectance spectra with reference to circumferential strains between 0% and 60%. Because these strains lead to structural reorganization of the arterial tissue and decrease of the artery wall volume probed by our fibered spectroscopic tools, it is of interest to investigate how the optical parameters of the tissue (µ a , µ s , and g) may consequently vary.
3) Optical Parameters: In order to better understand the way optical properties differ between fresh and postcryopreserved artery ring samples and between various levels of deformation, we calculated optimized values for the optical coefficients µ a (λ), µ s (λ), and g(λ) in each of the three layers of the simulation model.
Bar graphs in Fig. 6 summarize the variations of absorption coefficient µ a , scattering coefficient µ s , and anisotropy factor g of the adventice (A), the media (M), and the intima (I), for fresh (F) and postcryopreserved (C) samples with reference to three circumferential strains (0, 0.26, and 0.47) and for three wavelengths: λ = 700, 740, 780 nm. From the mechanical tests, the mean values (±SD) calculated for the wall thickness at 0, 0.26, and 0.47 strains were, respectively, 0. At 700, 740, and 780 nm, µ s in adventice stays mainly at the same order of magnitude whatever ε θθ , while µ s in media and intima vary more (decreasing with ε θθ increasing).
Values obtained for g are systematically higher in media and intima than in adventice. These results led to values of µ s between 41 and 131 cm −1 for the adventice, between 9 and 55 cm −1 for the media, and between 1 and 79 cm −1 for the intima. Significantly higher values of µ s are found for the adventice compared to media and intima. They stay in the same order of magnitude whatever the type of sample (fresh or cryopreserved), and there is no clear tendency of their variations as a function of strains.
These results suggest that, on average, the media and the adventice are, respectively, less and more absorbing for postcryopreserved artery rings, regardless the wavelength, and it is the opposite for the fresh artery for λ = 700, 740 nm. Overall, we may notice that the values of absorption and diffusion coefficients are slightly higher for the fresh arteries than for the postcryopreserved arteries, whatever the wavelengths and strains applied.
To our knowledge, there is up to now only few optical parameter values available from the literature for arterial tissues. The values of absorption, diffusion, and anisotropy coefficient for adventice, media, and intima layers of arteries were published in [28] and [29] We observed in Fig. 5 that diffuse reflectance decreases with increasing strains that implies a globally lowered transport of light, i.e., an increase of the optical coefficients combining absorption and diffusion (see Fig. 6 ) for both fresh and postcryopreserved rings. The global stretch-induced increases in optical properties of tissue observed may be twofold. First, when the artery ring is stretched, the structural organization of the tissue changes (in particular, the conformation of the extracellular matrix made of elastinic and collagenic fibers) as well as, for instance, the shape of the smooth muscular cells, etc. Consequently, the intrinsic absorbing and diffusing properties of the medium are probably modified. This is also a consideration to have in the case of postcryopreserved arteries to which structural alterations are associated. Furthermore, our results confirm that diffusion is dominant in arterial tissues (in agreement with other studies), and then, it also contributes significantly to the decrease of the backscattered intensity measured. Second, it is also possible that the amount of light transmitted throughout the artery wall increases with the thickness decrease as strains rise, leading to a decrease in the amount of backscattered light, which may also be interpreted as an increase in µ a /µ s . The only way to confirm this would be to measure the transmitted light that necessitates a more complex experimental configuration.
Therefore, when the artery ring is stretched, it is quite difficult to relate the variations of the optical properties (absorption and diffusion) directly or only to chromophore densities (which would be the case if the medium would only change in volume but not in internal configuration) because these optical properties also depend on the anisotropic or inhomogeneous tissular "remodeling" process happening with the stretching.
In the case of arteries, common uniaxial traction tests on rings give rapid and simple access to a rheological characterization with limited instrumentation. In this configuration, the wall thickness variations of the ring under test cannot be measured but is calculated with reference to the circumferential lengthening of the tissue. As confirmed in our study, the artery wall thickness is one of the few parameters that influence the magnitudes of both fluorescence and diffuse reflectance signals. Therefore, other complementary spectroscopic studies should be performed on artery samples under mechanical constraints in configurations where the thickness can be measured experimentally.
IV. CONCLUSION
This study allowed us to obtain coupled results between rheological and optical (absorption, scattering, and fluorescence) properties of artery rings before and after cryopreservation, and at different levels of circumferential strains. We showed that the autofluorescence intensity spectra may be used to statistically differentiate between fresh and cryopreserved states of artery samples. Diffuse reflectance spectroscopy gave intensity spectra with overall higher amplitude for the cryopreserved samples than for the fresh ones. These observations are to be related to the histological modifications affecting the arterial wall of postcryopreserved samples. We also observed significant spectral amplitude variations (increasing autofluorescence intensity and decreasing diffuse reflectance) as a function of the deformation applied to the artery wall (circumferential strains between 0% and 60%).
Using Monte Carlo simulation, we were able to identify values of absorption, diffusion, and anisotropy coefficients, and their variations as a function of state (fresh and cryopreserved), strains (0, 30%, 60%), and wavelengths (700, 740, 780 nm); absorption and diffusion coefficients are slightly more important, whatever the wavelengths and strains applied, for the fresh artery than for the postcryopreserved artery. Furthermore, the shape variations observed in the autofluorescence spectra due to strains were related to the modifications of the optical properties of the medium in the wavelength band of emission rather than to the changes in fluorescence absorption at excitation wavelength.
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